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Conformational Rearrangements Associated
with the Gating of the G Protein-Coupled
Potassium Channel Revealed by FRET Microscopy
neurotransmitter receptor stimulation (Sadja et al.,
2002). The G binding transduces gating signals to the
channel core to induce a conformational change of the
second transmembrane domain of the channel, allowing
potassium permeation through the pore (Jin et al., 2002;
Inbal Riven, Eli Kalmanzon, Lior Segev,
and Eitan Reuveny*
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Weizmann Institute of Science
Rehovot 76100
Israel Sadja et al., 2001; Yi et al., 2001).
In addition to the binding of the G subunits, channel
gating is also modulated by other intracellular components
such as Na and Mg2 ions, the anionic phospholipids,
phosphatidylinositol-4-5-bisphosphate (PtdIns(4,5,)P2),Summary
and redox potential (Huang et al., 1998; Petit-Jacques
et al., 1999; Sui et al., 1996, 1998; Zeidner et al., 2001;G protein-coupled potassium channels (GIRK/Kir3.x)
are key determinants that translate inhibitory chemical Zhang et al., 1999). Despite the information available
regarding the regions involved in channel gating, such asneurotransmission into changes in cellular excitability.
To understand the mechanism of channel activation the second transmembrane domain (TM2) of the channel
(Jin et al., 2002, Sadja et al., 2001; Yi et al., 2001), andby G proteins, it is necessary to define the structural
rearrangements in the channel that result from inter- the molecular elements responsible for channel-G in-
teractions, there is still a missing link in understandingaction with G subunits. In this study we used a combi-
nation of fluorescence spectroscopy and through- the conformational changes associated with channel
gating, following the activation by the G subunits.the-objective total internal reflection microscopy to
monitor the conformational rearrangements associ- In the present work, we measured fluorescence reso-
nance energy transfer (FRET) efficiencies between theated with the activation of GIRK channels in single
intact cells. We detect activation-induced changes in cyan (CFP) and the yellow (YFP) variants of the green
fluorescent protein (Heim and Tsien, 1996; Tsien, 1998),FRET consistent with a rotation and expansion of the
termini along the central axis of the channel. We pro- which are attached at several positions in the channel’s
cytosolic domains, either within the same subunit or inpose that this rotation and expansion of the termini
drives the channel to open by bending and possibly different subunits. We activated the channels with either
ligand for a coexpressed receptor that couples to GIRK,rotating the second transmembrane segment.
or by coexpression of G subunits. Since the ligand will
only activate surface receptors, we confine our opticalIntroduction
measurements to the plasma membrane using through
the objective total internal reflection fluorescence (TIRF)The G protein-coupled potassium channels (GIRK/
Kir3.x) are involved in neurotransmitter-mediated slow microscopy (Axelrod, 1989). Our detection and analysis
is done by fluorescence spectroscopy. Using this ap-inhibitory postsynaptic potentials in the brain (Luscher
et al., 1997) and in the slow down of the heart rate by proach, applied to single cells, we were able to measure
specific conformational rearrangement of the cytosolicVagal stimulation (Wickman et al., 1998). These channels
serve as the classical target effectors for the free G domains associated with channel gating. Under the as-
sumption that the apparent distance changes amongsubunits of G proteins, released upon activation of inhib-
itory (Pertussis toxin-sensitive) neurotransmitter recep- the relatively large CFP and YFP fluorophores reflect
changes in the channel’s N and C termini distances,tors (Clapham and Neer, 1997; Logothetis et al., 1987;
Reuveny et al., 1994; Wickman et al., 1994). The G- these rearrangements are consistent with a radial
expansion of the cytosolic domains accompanied by amediated gating is mainly the consequence of the direct
binding of these subunits to the N- and C-terminal cyto- rotation of 10 of the C-terminal cytosolic domains
relative to the N-terminal domains along the central axissolic domains of the protein (He et al., 2002; Huang et
al., 1995, 1997; Inanobe et al., 1995; Krapivinsky et al., of the channel, in a twist-like motion. Such conforma-
tional rearrangements can support the bending motion1998; Kunkel and Peralta, 1995; Sadja et al., 2002; Sle-
singer et al., 1995). The functional GIRK channels, in required for channel activation by G proteins.
most cases, consist of tetrameric assembly of two gene
products, GIRK1 and either GIRK2 or GIRK4, in brain Results and Discussion
and heart, respectively. The GIRK heterotetramers have
been suggested to contain two subunits of each of the XFP-Fused Channels Are Functional
two gene products in alternating positions (Silverman We were interested in establishing a reliable genetically
et al., 1996; Tucker et al., 1996). Full activation of the encoded reporting system to monitor the conforma-
channel requires the interaction of all four G binding tional rearrangements associated with GIRK channel
domains, although partial activation is possible with less gating using FRET (Stryer, 1978; Van Der Meer et al.,
than four G bound to the channel, suggesting that fine 1994). We took advantage of the well-established sub-
tuning of channel activity can occur under submaximal unit stoichiometry of the cardiac GIRK channel, which
primarily exists as a hetero-tetramer of two subunits
of GIRK1(Kir 3.1) and two subunits of GIRK4(Kir3.4), in*Correspondence: e.reuveny@weizmann.ac.il
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Figure 1. CFP- and YFP-Tagged GIRK Chan-
nels Gate in Response to Receptor Activation
(A) A schematic representation of all the
tagged channels made and the expression
combinations. Blue and yellow barrels repre-
sent CFP and YFP, respectively. Left and right
sides are the N and C termini, respectively.
Tetrameric assembly consists of alternating
subunits of GIRK1 and GIRK4.
(B) A bar graph representing the fold induc-
tion by 3 M carbachol of the tagged channel
pairs expressed in oocytes with the musca-
rinic type 2 receptor (m2R). Fold induction
was estimated relative to the basal current
before channel activation by m2R stimulation
with carbachol.
alternating positions (Sadja et al., 2002; Silverman et al., lated cells or cells expressing only the channels (not
shown). We considered that the lack of observed effect1996; Tucker et al., 1996). We tagged the GIRK4 and
GIRK1 with the CFP and the YFP variants of the Green might be due to masking of a possible change in FRET
in channels that are located in the plasma membraneFluorescent Protein, respectively (Heim and Tsien, 1996;
Tsien, 1998), at either their N- or their C-terminal ends (which respond to receptor activation by external ligand)
by the much larger fluorescence from the majority of(Figure 1A). Two additional constructs were made where
the CFP and the YFP were tagged to N- and C-terminal channels, which are located in intracellular organelles
(and thus do not respond to ligand). We therefore useddomains of the same subunits (Figure 1A). We first exam-
ined the functionality of these tagged channels. We ex- other methodologies to selectively monitor the FRET
signal from the plasma membrane.pressed the tagged channel subunits in all possible
combinations and tested their ability to gate following
muscarinic type 2 receptor (m2R) activation in Xenopus Selective Detection of XFP-Tagged Channels
Localized to the Plasma Membraneoocytes. All tagged channels were functional, displaying
reversible m2R-mediated activation (Figure 1B), inward To establish the selective monitoring of the fluorescence
signal originating from the plasma membrane, we em-rectification (Figure 2E), and potassium selectivity (not
shown). ployed TIRF microscopy to excite the tagged channels
mostly localized to the plasma membrane. Cell-basedOnce we established the functionality of the tagged
channels, we were interested in determining whether TIRF microscopy has been used extensively to measure
various cellular process such as Ca2 oscillations andG activation triggers a conformational rearrangement
of the cytosolic domains that can be detected as translocation of protein kinase C (Cleemann et al., 1997;
Codazzi et al., 2001), surface receptor clusters (Wangchanges in FRET between the CFP and YFP. As a first
step, we transiently expressed N-terminal-tagged GIRK4 and Axelrod, 1994), cell adhesion processes (Truskey
et al., 1992), exocytosis of single synaptic vesicle (Zeni-with CFP (4N-Cy) and the C-terminal-tagged GIRK1 with
YFP (1C-Yl) in HEK-293 cells. Using conventional epi- sek et al., 2000), hormone secretion (Ohara-Imaizumi et
al., 2002), intracellular signaling (Mochizuki et al., 2001),fluorescence microscopy, the CFP was excited at 454
nm and emission spectra were measured from 400 to and the conformational dynamics of single ion channels
(Sonnleitner et al., 2002). TIRF microscopy has the ad-700 nm (see Experimental Procedures). We found the
490/535 nm emission ratio from cells expressing 4N-Cy/ vantage that the power of the excitation drops exponen-
tially with distance from the cover slip, limiting excitation1C-Yl donor-acceptor channels to be lower than that of
cells expressing 4N-Cy/GIRK1 donor-only channels. In close to the cell surface (100 nm from the cover glass).
This allows the selective excitation of the channels em-cells expressing GIRK4/1C-Yl acceptor only channels,
excitation with 454 nm light produced1% of the emis- bedded mainly in the plasma membrane (Figure 2A ver-
sus 2B).sion excited with comparable excitation intensity of 514
nm. Mock transfected cells, and cells that were not Under TIRF, a dramatic difference was detected be-
tween the emission spectra of A1R and 4N-Cy/1C-Yltransfected, had an 1000-fold weaker emission under
the same conditions. These observations are consistent coexpressing cells that were stimulated by adenosine
and those that were not stimulated. Adenosine-stimu-with sensitized emission from YFP due to FRET. Cells
coexpressing 4N-Cy/1C-Yl donor-acceptor channels lated cells had a lower fluorescence emission ratio of
490/535 nm (F ratio) of 0.27  0.02 (n  20) comparedand the adenosine type 1 receptor (A1R) stimulated with
adenosine did not differ in FRET from either unstimu- to unstimulated cell having F ratio of 0.52  0.02 (n 
Conformational Rearrangement of the GIRK Channel
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Figure 2. Spectroscopic Measurements of FRET under TIRF Microscopy
(A) A HEK293 cell expressing 4N-Cy/1C-Yl channel (cartoon depicted below) viewed using epifluorescent configuration excited with 454 nm
light. Note the presence of the channel in various intracellular organelles, exposure time 300 ms.
(B) The same cell viewed under TIRF microscopy, exposure time 900 ms with the same gain as in (A). Note that under TIRF only the plasma
membrane-associated channels are excited.
(C) Normalized fluorescent emission spectra (to the area under the curve of the cell with no stimulation) of three different cells under no
stimulation (black), during the exposure to adenosine (light gray), and of a cell that coexpressed G12 with the tagged channels (dark gray).
(D) A bar graph summarizing the ratiometric measurements (490/535 nm) taken from spectra as shown in (C). The data represented is an
average from three independent transfections.
(E) A representative current to voltage relation curves measured from an Xenopus oocyte expressing 4N-Cy/1C-Yl channel before (filled circles)
and during (open circles) the activation of the m2R by 3 M carbachol.
20). This reduction in the F ratio in the presence of acceptor photobleaching on a single cell level (Basti-
adenosine did not produce any detected spectral shift aens et al., 1996; Miyawaki and Tsien, 2000). Energy
(Figure 2C). The lower F ratio in stimulated cells suggests transfer from CFP to YFP quenches the CFP fluores-
that A1R stimulation increases FRET efficiency due to cence. Elimination of the YFP via selective photobleach-
a conformational change associated with channel acti- ing results in an increase in CFP fluorescence, which
vation. To verify this interpretation, we employed an can be used to calculate the efficiency of energy transfer
alternative means to activate the channels. We coex- between the CFP and the YFP. We were able to selec-
pressed the G12 subunits of the G protein with 4N-Cy/ tively photobleach YFP, with no effect on CFP (Figure
1C-Yl channels, a condition known to constitutively acti- 3A). Following this selective YFP photo-destruction pro-
vate GIRK channels (Reuveny et al., 1994). Similar to cedure, the CFP emission at 490 nm was increased,
what was seen with A1R stimulation, cells with tagged indicating dequenching (Figure 3B). This increase was
channels and constitutive G12 activation had a lower used to calculate FRET efficiency (Figure 3B, inset). We
F ratio of 0.28  0.01 (n  20) compared to cells trans- performed donor dequenching following acceptor pho-
fected only with the tagged channels (Figure 2D). These tobleaching to all channel combinations described in
results support the idea that the spectroscopic changes Figure 1. Figure 3C shows that whenever one of the
seen under A1R stimulation reflect conformational re- donor fluorescent proteins was attached to GIRK4 and
arrangements associated with channel activation. the acceptor protein to GIRK1, a significant difference
in FRET efficiency was observed between unstimulated
channels and channels stimulated by adenosine actingQuantifying Differences in FRET Efficiency
on A1R receptors. In contrast, when the CFP and YFPAssociated with Activation
were attached to the same subunit, of either GIRK1 orIn order to better quantify the changes in FRET during
activation, we monitored donor dequenching following GIRK4, no measurable difference was observed in FRET
Neuron
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Figure 3. FRET Efficiencies Change during Channel Gating
(A) Time course of YFP photo-destruction under constant illumination with a 514  5 nm light. Under the same photo-destruction conditions,
CFP fluorophore is not affected.
(B) Emission spectra from the same cell before (blue line) and after (red line) YFP photo-destruction (500 s constant illumination). Note the
increase (dequenching) of the CFP peak emission (490 nm) following the photo-destruction of YFP. The inset describes the mathematical
equation used to calculate the FRET efficiency, E.
(C) A bar graph summarizing FRET efficiency values for all the channel combinations (shown as a cartoon on the left) in the absence (black)
and in the presence of adenosine (light gray) or of cells coexpressing G12 (dark gray). Note that FRET efficiencies are the same in the
presence of adenosine or G12. Asterisks represent statistical significance.
efficiency between unstimulated and stimulated cells. ceptor emission as an independent approach to deter-
mine FRET efficiency. Yue and his colleagues providedSimilar to the effect of receptor activation, FRET effi-
ciency between CFP and YFP on different subunits (but a convenient means to estimate FRET efficiency based
on acceptor sensitizing emission by the way of usingnot on the same subunit) was also changed by constitu-
tive activation of the channel due to coexpression of three-cube fluorescence measurements (Erickson et al.,
2001). We measured FRET efficiency for the 4N-Cy/1C-the G12 subunits of the G protein (Figure 3C). As with
the F ratio measurements (Figure 2), these results thus Yl channels using the three-cube fluorescence tech-
nique and compared these values to the ones obtainedindicate that channel activation is accompanied by con-
formational changes in the cytosolic domains of the by using donor dequenching technique. From these
measurements, the FRET efficiency measured forchannel.
The determination of FRET efficiencies presented 4N-Cy/1C-Yl donor-acceptor pair using acceptor sensi-
tization was identical to the FRET efficiency measuredabove depends on the 1:1 stoichiometry of fluorophore-
tagged GIRK1 and fluorophore-tagged GIRK4. If there using the donor dequenching technique, with FRET effi-
ciencies of 0.19  0.05 (n  5) and 0.2  0.01 (n  20),is a deviation in this ratio, there is a possibility for a
potential ambiguity in data interpretation. To verify that respectively (Figure 4). These results support the notion
of a fixed 1:1 stoichiometric ratio for the donor and theindeed under our experimental conditions there is a 1:1
donor-acceptor stoichiometry, we used sensitized ac- acceptor tagged to the N and C termini, respectively.
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indicating that although it is attached to the channel,
the donor-acceptor pair is able to assume many orienta-
tions, and that constraints on dipole orientation are un-
likely to substantially affect the FRET efficiency value or
account for the differences seen with channel activation.
We therefore suggest that the differences in FRET effi-
ciency seen with channel activation reflect changes in
distance between the CFP and YFP fluorophores.
Additional attention has to be given once dealing with
a tetrameric fold; it is important to consider that there
are two donors and two acceptors in each molecule. If
the donor-acceptor pairs are arranged in a 4-fold sym-
metry, the distance between each donor to both ac-
ceptors is identical, Ra  Rb (Figure 6A). Therefore,
Figure 4. Agreement between the FRET Efficiency Measured Using FRET efficiency values between adjacent N termini (N1Donor Dequenching and Acceptor-Sensitized Emission Methodol-
to N4) or between C termini (C1 to C4) were correctedogies
accordingly (see Experimental Procedures). In casesThe filled circle represents the FRET efficiency (mean  SEM, n 
where the distances of the donor to both acceptors are6) determined by measuring acceptor-sensitized emission using the
not equal, Ra  Rb (Figure 6B), due to the difference inthree-cube (Erickson et al., 2001) and donor dequenching methods.
The dashed line represents the theoretical line of identity between protein volumes that the N and the C termini occupy
the two measuring methodologies. The overlap between the filled and due to the lack of 4-fold symmetry between the
circle and the dashed line demonstrates that FRET efficiency occurs two donor-acceptor pairs (such as in the case of the
between donor acceptor pairs of 1:1 stoichiometry (see Results and
distances between N1 to C4 or between N4 to C1), it isDiscussion).
important to establish the relative contribution of each
acceptor to the FRET efficiency measured. We assumed
Changes in FRET efficiency can be due to changes that the distance to the more distal acceptor, Rb, is much
in donor-acceptor distance, dipole-dipole orientation of longer than the distance to the acceptor in the adjacent
the donor and acceptor fluorophores, spectral shifts, or position, Ra, due to the nature of such 2-fold symmetry of
donor quantum yield (Dale and Eisinger, 1974; Van Der the donors and the acceptors in the tetrameric channel
Meer et al., 1994). As demonstrated above, no shift in (Figure 6B; Cha et al., 1999; Glauner et al., 1999). Since
emission peak for CFP was observed (Figures 2C and FRET efficiency depends heavily on the distance be-
3B). We measured acceptor anisotropy as a means to tween the donor and the acceptor (R	6 power depen-
determine if there are any constraints on fluorophore dence), contribution of the distal acceptor to the appar-
mobility that could convert changes in orientation into ent FRET signal may thus be negligible. To verify that this
substantial changes in FRET (Figure 5A). Figure 5B is indeed the case, we constructed a tandem tetrameric
shows that the apparent acceptor anisotropy values channel that consists of GIRK4-GIRK1-GIRK4-GIRK1
(Sadja et al., 2002). This tetramer was then tagged withwere low for both unstimulated and stimulated cells,
Figure 5. Acceptor Fluorescence Anisotropy Does Not Change during Gating
(A) A schematic representation of the experimental setup used to collect simultaneously both the parallel (P) and the perpendicular (S)
components of the acceptor emitted light (535  15 nm) using 454 nm laser line excitation. The emitted light was collimated and passed
through a polarizing cube, splitting the two light components onto photomultiplier tubes (PMT). The photomultiplier tubes were calibrated to
match in their gain.
(B) A schematic representation of the constructs tested (left) and a bar graph representing the acceptor anisotropy measurements for the
tagged channel pairs in the absence (black) and in the presence (light gray) of adenosine. There is no statistical difference between the
adenosine exposed and unexposed groups.
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Figure 6. Two Possible Donor-Acceptor Re-
lationships
Schematic representation of the two possible
donor-acceptor arrangements in the tetra-
meric GIRK channel.
(A) A situation where the distances between
a donor to the two adjacent acceptors are
similar (Ra  Rb) due to the 4-fold symmetry
of the channel as in the case of 4N-Cy/1N-Yl
and 4C-Cy/1C-Yl channels.
(B) The situation where the distances be-
tween the donor and the two acceptors are
not similar (RaRb), having 2-fold symmetry
arrangement, as in the case of 4N-Cy/1C-Yl,
4C-Cy/1N-Yl, GIRK4/Cy-GIRK1-Yl, and Cy-
GIRK4-Yl/GIRK1 (Table 1). FRET efficiencies
were therefore adjusted according to E  1/
(1 (R/R0)6 /2) for channel configurations pre-
sented in (A), and E 1/(1 (R/R0)6) for chan-
nel configurations presented in (B).
only one donor and one acceptor at the N and C termini, distance between the N termini and between the N to
C termini of adjacent subunits, are significant enoughrespectively. This tagged tetramer is equivalent to the
donor-acceptor configuration of the 4N-Cy/1C-Yl chan- to account for a major conformational rearrangement of
the channel’s cytosolic domains during gating and notnel, but in contrast, has only one donor-acceptor pair
with a distance between them of Ra. Observing identical to potential error in estimating the orientation factor.
Since the channel was tagged with donor-acceptorFRET efficiencies for this tetramer and for the 4N-Cy/
1C-Yl (which has two donor-acceptor pairs with Ra and pairs in all possible combinations, for each terminus,
three distances to each of the neighboring termini areRb distances) would suggest that the distal acceptor in
4N-Cy/1C-Yl is too far to contribute to the FRET signal available (one within the same subunit and two to its
neighboring subunit). Thus, for each terminus, thesemeasured. Indeed, measuring FRET efficiency from this
tetramer was in concordance with the FRET efficiency three distances can be translated as a point in x,y,z
space, allowing the construction of a three-dimensionalobtained for the 4N-Cy/1C-Yl channel, of 0.21  0.02
(n  6) versus 0.20  0.01 (n  20), respectively. These model of the cytosolic ends of the channel in the closed
and activated conformations. In constructing such aresults strongly demonstrate that the distance Rb to the
distal acceptor (Figure 6B) is large enough to have a model, two basic assumptions are used. First, due to
the relatively high homology between GIRK1 and GIRK4,negligible contribution to the FRET signal measured under
our experimental conditions. the channel has a 4-fold symmetry arrangement with
GIRK1 and GIRK4 assembled in alternating positions
(Sadja et al., 2002; Silverman et al., 1996; Tucker et al.,Conformational Rearrangements Associated
with Channel Activation 1996), and second, due to the longer C termini relative
to the N termini, its proximal ends extend further fromFrom the FRET efficiency measurements presented
above, we obtained estimates of the distances between the cytosolic side of the membrane. With these two
assumptions, for each state, only one model of the chan-the cytosolic domains of the channel in its resting and
activated states. The deduced distance differences be- nel’s cytosolic ends could be constructed (see Experi-
mental Procedures; Figure 7A).tween stimulated and unstimulated channels (Table 1)
indicate that stimulation (1) decreases the distance be- By comparing the three-dimensional model of the
channels in its closed and activated states (Figure 7Atween C and N termini of adjacent subunits (from 64
to 58 A˚ for 4N to C1 and 59 to 56 A˚ for C4 to N1, (2) versus 7B), distance changes can be accounted for by
an activation rearrangement consisting of a clockwiseincreases the distance between adjacent N termini (from
64 to 71 A˚), and (3) increases the distance between rotation of 10 (as viewed from the extracellular side
of the channel) in the C termini relative to the N termini,adjacent C-terminal domains (from63 to66 A˚). These
calculated distances were obtained assuming random resulting in a decrease in distance between C1 and N4
termini of adjacent subunits (of 5 A˚). This rotation wasorientation of the fluorophores (orientation factor 
2 
2/3). Distance estimations can also be presented as accompanied by a radial expansion, resulting in an in-
crease in distance between adjacent N termini (N1 toerror bounds of the minimal and maximal distances,
reflected by the error in estimating 
2 (Dale et al., 1979). N4) and adjacent C termini (C1 to C4) domains. In both
GIRK1 and GIRK4, the N- and C-terminal cytosolic do-We thus measured the anisotropy values of donor or
acceptor alone of the various tagged channels and cal- mains of the same subunit remain equidistant with re-
spect to each other (at about 55 A˚ for GIRK1 andculated the minimal and maximal values of 
2 (Cha et
al., 1999; Glauner et al., 1999). These values were then 54 A˚ for GIRK4), suggesting a relatively rigid movement
of these two domains during activation.converted to distances and are presented as distance
constraints in Table 1. From these measurements it is The three-dimensional organization of the cytosolic
domains of the channel, proposed in this model, is solelyapparent that the distance changes calculated under
our experimental conditions, specifically the change in based on the location of the fluorophores tagged to the
Conformational Rearrangement of the GIRK Channel
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Table 1. Summary of Measurements of All GIRK Fusions Tested





	Ad Ad G 	Ad Ad G (Rmin, Rmax) 	Ad Ad
4N-Cy/1C-Yl 0.20  0.01 0.30  0.02 0.30  0.01 63.6  0.9 58.3  1.2** 57.9  0.5** 61.5, 67.8 0.14  0.01 0.13  0.02
(20) (9) (20) (20) (20)
4N-Cy/1N-Yl 0.32  0.02 0.20  0.02 0.21  0.01 64.1  1.2 71.2  1.4** 70.8  0.9** 62.5, 67.0 0.13  0.01 0.12  0.01
(5) (5) (7) (20) (20)
4C-Cy/1N-Yl 0.29  0.01 0.35  0.01 0.33  0.01 58.7  0.8 55.8  0.8** 56.6  0.5 57.6, 60.9 0.09  0.02 0.11  0.01
(20) (18) (6) (20) (20)
4C-Cy/1C-Yl 0.34  0.01 0.29  0.01 0.31  0.01 63.1  0.6 65.7  0.5** 64.8  0.4* 61.3, 66.5 0.08  0.01 0.09  0.01
(20) (19) (18) (20) (20)
GIRK4/Cy- 0.36  0.01 0.36  0.02 0.34  0.02 55.5  0.9 55.6  1.5 56.5  0.5 N.D. N.D N.D.
GIRK1-Yl (10) (10) (9)
Cy-GIRK4-Yl/ 0.38  0.03 0.32  0.02 0.37  0.02 54.7  1.5 57.1  1.4 55.2  0.5 N.D. N.D. N.D.
GIRK1 (10) (6) (5)
FRET efficiency and estimated distances of the closed channels (	Ad), during activation by adenosine (Ad), and of constitutively open
channels coexpressed with G (G). Distances were calculated as described in the Experimental Procedures section. Minimal and maximal
distances, Rmin and Rmax, respectively, reflect the margin of uncertainty in estimating 
2 (see Experimental Procedure and Supplementary Data
online). Apparent acceptor anisotropy values were determined as described in Experimental Procedures in the absence and in the presence
of adenosine to reflect the lack of change in donor/acceptor random mobility during channel opening. Values are mean  standard error of
the mean. Number of cells is given in parentheses. Statistical significance was determined when p  0.05 (single asterisk) or p  0.01 (double
asterisk).
ends of these domains. In the recently deduced three- of the identified G binding domains (He et al., 2002)
are not exposed to the outer surface, but buried in thedimensional structure of GIRK1 channel, it is clear that
this organization can occur, given that the structure was interface between the channel subunits. This may also
suggest that a conformational rearrangement of the cy-solved, with both the N- and the C-terminal ends trun-
cated (Nishida and MacKinnon, 2002). The authors are tosolic domains has to occur in order to support a stable
binding of the G subunits to the channel during chan-aware of the limitation in using GFP variants to estimate
absolute distance changes; however, we would like to nel activation.
Rotation and/or bending of the second transmem-argue that changes in distance can form a good gauge
for the overall conformational rearrangement associated brane domain have been proposed to stabilize the open
state of the pore in GIRK channels (Jin et al., 2002; Sadjawith the binding of G to activate the channel. Since
we monitored the conformational rearrangements asso- et al., 2001; Yi et al., 2001) and MthK channels (Jiang
et al., 2002b). A rotation has also been proposed to takeciated with large fluorophore movements (a barrel-like
shape of 25 A˚ in diameter and 40 A˚ long), and not place in the homologous S6 of cyclic nucleotide-gated
channels, based on a study of the proximal cytosolicdirectly of the cytosolic domains, it is possible that the
actual movement of the cytosolic domains may be differ- linker (Johnson and Zagotta, 2001). Only for one bacte-
rial channel, MthK, is there a model describing howent. We would like to argue that the movement of the
cytosolic domains may be different in relative magnitude intracellular ligand binding to the cytosolic domain in-
duces this opening rearrangement (Jiang et al., 2002b).but would qualitatively be similar, e.g., a rotation and
an expansion associated with channel gating. It is impor- It was hypothesized that gating in MthK channel is the
result of a rotation and an expansion of the four regula-tant to note that fluorophore movement independent of
the cytosolic domains to which they are attached is tors of potassium conductance (RCK) domains (the gat-
ing ring) to pull open the pore’s TM2 domains (Jiang etenergetically expensive and thus may be unlikely. Our
observation of state-dependent changes in the cytosolic al., 2002a). This proposed model is strikingly similar to
the motion of the cytosolic domains of the GIRK chan-regions is consistent with previous independent obser-
vations in other inwardly rectifying potassium channels. nels following the binding of the G subunits, where
channel activation is associated with a rotation and anFor example, in Kir1.1, gating by pH has been shown
to affect the accessibility of thiol reactive agents to cyto- expansion of both the N- and C-terminal cytosolic do-
mains, accompanied with the shortening of the distanceplasmic cysteine residues in the closed but not in the
open state (Schulte et al., 1998). Similar mechanism between the N and C termini (Figure 7B, side view).
Similar to what has been hypothesized for MthK, thishave been proposed for the GIRK channels, where stabi-
lization of the open state increases the accessibility of rearrangement may reduce the energetic barrier by
allowing the bending/rotation of the channel’s TM2 do-thiol-reactive agents to both N and C termini cytosolic
cysteines (Guo et al., 2002). These studies provide con- mains to stabilize the open state of the pore (Figure 7C;
Jin et al., 2002; Sadja et al., 2001). The rotation andclusive evidence for some form of a conformational re-
arrangement associated with ligand binding to the cyto- expansion motion of the cytosolic domains in inwardly
rectifying potassium channels, however, may also allowsolic domains of inwardly rectifying potassium channels.
In light of the three-dimensional structure of parts of gated access for cytosolic ions to the pore, since the
C-terminal cytosolic domains appear to interact withthe N- and C-cytosolic domains of GIRK1 (Nishida and
MacKinnon, 2002), it is also interesting to note that parts intracellular and permeating cations (Kubo and Murata,
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Figure 7. A Model Representing the Possible Rearrangement of the N- and C-Terminal Cytosolic Domains during Channel Gating
(A and B) The predicted organization of the fluorophores viewed from the extracellular side of the channel (top panel), side (middle panel),
and as a perspective (lower panel) in the closed (A) and the open/activated (B) states in a tetrameric context. The position of GIRK1- (green) and
GIRK4- (gray) tagged fluorophores are shown in alternating positions. The lighter colors for both channels represent the N-terminal tags and
the darker colors represent the C-terminal tags. Since the C termini of the GIRK1 and GIRK4 channels (C1 and C4) are 2 to 3 times longer
than the respective N termini (N1 and N4), it is assumed that C1 and C4 extend further from the plasma membrane, relative to the N termini
(Nishida and MacKinnon, 2002). The cartoon is drawn to scale (diameter and height of the YFP or CFP cylinders are 25 A˚ and 40 A˚,
respectively). Vectorial distances were computed based on distances extracted from the FRET efficiency measurements in the absence or in
the presence of adenosine. The conformational rearrangements associated with channel activation are mainly characterized by a relative
clockwise rotation (10) of the C-terminal cytosolic domains (as viewed from the extracellular side), relative to the N-terminal domains (see
relative movement of the imaginary dashed lines crossing the central axis of the channel in the top view, a radial expansion of the N-terminal
(arrow pointing in the side view, middle panel), and the C-terminal (arrow pointing in the perspective view, bottom panel) domains of 6 A˚
and of 2 A˚, respectively, and the shortening of the distance between the N- and C-terminal-tagged fluorophores (arrow at the side view
panel). This movement may provide the required force to allow the bending and the rotation of the TM2 to open the pore (Sadja et al., 2001).
(C) A schematic model of the channel in its closed and activated states. Black bars in the membrane represent the transmembrane helices,
TM1 and TM2. For illustrative purposes, the cytosolic domains are schematically displayed, dark gray bars represent the C-terminal cytosolic
domains, and light gray bars represent the N-terminal domains. The cytosolic domains are crossing near the cytosolic side of the membrane
(Johnson and Zagotta, 2001). The rotation of the cytosolic ends of the channel may be translated as a rigid rotational movement of the entire
cytosolic binding domains to open the permeation pathway via TM2 bending the gating hinge. For clarity, only two diagonal subunits are
drawn.
Experimental Procedures2001; Yang et al., 1995) to form the inner part of the
permeation pathway (Nishida and MacKinnon, 2002).
XFP-Channel Fusions and Expression
All channel fusions were based on the commercially available pCMV-
Conclusion CFP/YFP vectors (Clontech, Palo Alto, CA). The YFP also contained
We have shown here that FRET between CFP and YFP Q69K to reduce its pH sensitivity (Miyawaki et al., 1999). SGTS(Q)6
and the PPVAT linkers were used to fuse the fluorescent proteinstagged to the cytosolic domains of the GIRK channel
to the N and C termini, respectively, for both GIRK1 and GIRK4.can be selectively monitored under TIRF microscopy for
the small fraction of channels located at the cell surface
Oocytes Preparationand under control of ligand-activated receptors. We find
Fused channels were subcloned into pGEMHE expression vector
that channel activation by G subunits induces a con- and cRNA was transcribed using T7 RNA polymerase. Oocytes were
formational rearrangement that can be accounted for by surgically removed from female Xenopus laevis frogs anesthetized
with 0.15% (w/v) Tricaine (Sigma Chemical Co.). Oocytes were defol-a combination of rotation and widening of the cytosolic
liculated by shaking in Ca2-free ND96 solution containing 2 mg/mldomains and propose that this provides the force re-
Type 1 collagenase (Worthington) for 1 hr at room temperature.quired to bend or rotate the TM2 to stabilize the open
The oocytes were then washed in ND96 solution. Healthy-lookingconformation of the permeation pathway. Overall, these
stage 5–6 oocytes were selected and micro injected with 50 nl cRNA
results may thus suggest a conserved mechanism for of the various fused channel constructs (5 ng) with m2 muscarinic
channel gating by intracellular ligands among various receptor (0.5 ng). cRNA concentrations were estimated by formalde-
hyde gel.potassium channels.
Conformational Rearrangement of the GIRK Channel
233
Two-Electrode Voltage Clamp fluorescein as standard) and the correction of the high numerical
aperture of the microscope objective (Axelrod, 1979; see Supple-Two to seven days after oocyte injection, the ability of carbachol to
activate the expressed channels was tested with the two-electrode mental Data at http://www.neuron.org/cgi/content/full/38/2/225/
DC1). FRET efficiency measurements were also calculated based onvoltage clamp technique using a CA1-B amplifier (Dagan Corpora-
tion, Minneapolis, MN) (Alagem et al., 2001). Electrodes were filled sensitized acceptor emission, using the three-cube FRET procedure
developed by Yue and his colleagues (Erickson et al., 2001), usingwith 3 M KCl and had a resistance of 0.1–0.6 M. Data acquisition
and analysis were done using the pCLAMP 6.04 software package excitation spectra provided by the Scripps Institute (http://
www.bdbiosciences.com/spectra/).(Axon Instruments, Union City, CA). Recording external solution
(90K) contained (in mM) 90 KCl, 10 HEPES, 2 MgCl2 (pH 7.4; KOH). The three-dimensional vector coordinates of the tagged fluoro-
phores were computed using the Euclidean distances between the
chromophores (calculated from the FRET efficiency) and an in-TIRF Microscopy
house computer program (MatLab 6.1 release 12.1), with conver-HEK293 cells were transiently transfected using Fugene (Roche)
gence within a 1% error in distance. The model assumes (1) a 4-foldwith cDNAs encoding for GIRK4-tagged (0.2 g), GIRK1-tagged (1
symmetry for channel assembly, and (2) the distance of the C-ter-g), A1R (1 g), G1 (1 g), and G2 (1 g). The 1:5 cDNA ratio of
minal end from the membrane is greater than the distance of theGIRK4:GIRK1 tagged channels was used to minimize the formation
N-terminal end.of functional GIRK4 homotetramers. Following transfection, cells
were plated on no-1 coverglass coated with L-polylysine in the
Anisotropy Measurementspresence of serum-free media (1:1 DMEM:F12). On the day of the
For acceptor anisotropy measurements, the collimated emissionexperiments, typically 24 hr later, the cover glass was mounted on
signal was split to its parallel and perpendicular components usingan imaging chamber and washed two times with phosphate buffer.
a polarizing cube beamsplitter (Melles Griot), aligned with betterFluorescence measurements of single cells were performed using
than 97% accuracy as assayed by reflection from a glass coverthrough-the-objective total internal reflection (TIRF) microscopy
slip. The parallel and the perpendicular components were recordedtechnique (Axelrod, 1989) using 60 1.45 N.A. objective (Olympus,
simultaneously using a H7711-03 photomultiplier tube (HamamatsuJapan), TIRF microscopy condenser (TILL Photonics, Grafelfing,
Photonics) at each end. The photomultiplier signal was digitized atGermany), and argon laser (Melles Griot, Carlsbad, CA). CFP was
5 kHz and filtered at 1 kHz (Digidata, Axon Instruments). All theexcited with the 454 nm laser line using 465DCLP dichroic and
points taken during a 120 ms exposure were averaged to obtain theE470LP emission filters for spectroscopic measurements, 465DCLP
intensity of the appropriate emission components. Background wasdichroic and HQ485/30M emission filters for selective CFP fluores-
collected from an area that contained cells which did not expresscence, and 520DCLP dichroic and HQ535/30M emission filters for
the construct, and the appropriate signal was then subtracted fromYFP emission (all from Chroma Technology Corp., Brattleboro, VT).
the main signal. The background-subtracted signals were used toThe fluorescence emission signal was passed through 1.5magnifi-
calculate the anisotropy, r, according to r  I|| 	 I⊥/I||  2I⊥, werecation tube lens to have an effective magnification of 90. A1R
the I⊥ and I|| stand for the perpendicular and the parallel emittedactivation was achieved by exposing the cover glass to 2 mM adeno-
light with respect to the polarized excitation light, respectively.sine for at least 1 hr. The long exposures to high concentration of
All data are expressed as average  standard error of the meanadenosine were necessary to allow full activation of the A1R recep-
(SEM). Significant differences were considered when p 0.05 usingtors situated in close proximity to the cover glass.
analysis of variance followed by Dunnett’s test.
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